 We generated zebra finch brain matrices using 3D printing technology.
Introduction
Interdisciplinary studies between neuroscience and other biological fields such as animal behaviour and genetic biology are becoming common practice. However, sampling brain regions precisely is often a challenge to non-experts. It is also difficult for neurobiologists who need to sample brain regions from wild animals in the field. Brains are remarkable for their complexity, and include diverse neurotransmitters (Bloom, 1985) and gene expression patterns across different cell types (Darmanis et al, 2015) . Thus, inconsistent trimming between brain sampling trials may result in high sample variance, leading to problematic downstream analyses.
In addition to good knowledge of brain anatomy, standardized brain tissue sampling protocols that can reduce the impact of meagre trimming skills are important for successful neuroscience experiments.
Brains sectioning often requires precise machines such as vibrating microtomes, which are not widely available in non-neuroscience laboratories or in the field. In addition, machine-based trimming is more time-consuming than hand trimming because the former requires more procedures, from sample preparation to brain sectioning. However, freehand trimming is difficult and prone to inconsistent sampling especially for less experienced researchers. One reason is that holding brains for reliable sectioning is technically challenging (Karten et al., 2013) . Brain matrices can help even researchers with limited neurobiology experience to hold brains for more consistent sectioning (Ruehl-Fehlert et al., 2003) ; however, such matrices are only available for rats and mice, and not for less studied organisms such as birds.
Rat and mouse brain matrices with different sizes are available for purchase and matrix-guided trimming protocols have been developed for various purposes. For example, such protocols have been used to locate specific brain regions such as hippocampi or optic lobes for brain sectioning that can be further used for chemical staining (Mullah et al., 2016; Moon-Massat et al., 2017) or toxicity tests (Defazio et al., 2015) . The matrix-guided neuroanatomical technique has been found to increase sectioning consistency in rat brains (Defazio et al., 2015) . As scientists begin to conduct neuroscience studies on more and more non-model species, the demand for brain matrix-guided sampling approaches for diverse species is increasing.
Here we provide a novel protocol to produce brain matrices based on three-dimensional (3D) printing technology for the zebra finch (Taeniopygia guttata) (with brain length ~10 mm) at low cost and with few technical requirements. The matrices can provide an easy guide for researchers to locate the zebra finch brain's neuroanatomical regions, allowing for quick and consistent sampling among trials. In addition, this protocol can be applied to create a brain matrix from scratch for any other target species with reasonable brain sizes (i.e., ranging from shrew to dog brains).
Materials and Methods
The care and use of animals were reviewed and approved by the Institutional Animal Care and Use Committee of Academia Sinica (Protocol ID: 17-05-1096).
Protocol for producing a brain matrix for the zebra finch
We presented a protocol with four major parts, each of which contained detailed procedures, to generate a brain matrix for the zebra finch. The first three parts were presented in the order in which we conducted them (Fig. 1) ; Part 4, based on magnetic resonance imaging (MRI) data, was optional and the first three parts were enough to make a brain matrix, especially if the MRI data for the study species are not available.
reomved from the two parts of the mould using tweezers. 5. The two halves of the moulds were washed with double-distilled water (ddH2O) to clean off the leftover tissue pieces. 6. The agarose moulds were then stored in ddH2O to prevent dehydration until being sent for 3D scanning. (Figs. 1 & 3) 1. A 3D scanner (ZEISS Optotechnik COMET L3D) was used to scan the two half agarose moulds and produce dorsal and ventral side 3D images, which were then combined to make a complete, scanned 3D brain model using a 3D computer-aided design software, Autodesk Inventor Professional 2018.
3D scanning the agarose mould and modelling the brain matrix
The same software was also used to conduct subsequent matrix modelling steps. 2. This scanned 3D brain model was placed with the ventral-side up in a cuboid matrix with its maximum cross-sectional planes running parallel to the horizon (Fig. 3) . 3. The scanned 3D brain model with the above angle and position inside the cuboid was used to model the chamber of the brain matrix so that the latter was wide enough to fit the widest part of the former (Fig. 3) . 4. The chamber was generated to allow the whole scanned 3D brain model to sit inside the matrix and geometrically match it (Fig. 3) . 5. Finally, sagittal (n = 1) and coronal (n = 9) blade channels with a width of 0.35 mm (designed to fit SUPER Gillette® BLUE BLADES, 0.2 mm thick) were made across the chamber. The thickness of the coronal sections (n = 8) that separated the blade channels was set to 1 mm after considering the margin of error (± 0.15 mm).
3D printing the brain matrix
1. The brain matrix 3D file (stl format) was imported to a ZRapid SLA500 3D printer (ZRapid Tech) for 3D printing. 2. The brain matrix (Fig. 4) was printed with SLA (Stereolithography) resin (C-UV 9400HT from Zhbond technology).
Adding MRI images to model the brain matrix (an optional part of the protocol;
Figs. 1 & 5) 1. An MRI brain atlas could help model the 3D brain matrix. A high-resolution (80 × 160 × 160 µm) MRI atlas was generated for a male zebra finch in a previous study (Poirier et al., 2008) , and is available on the website, https://www.uantwerpen.be/en/research-groups/bio-imaging-lab/research/mr i-atlases/zebra-finch-brain-atlas/. Given that the MRI atlas was based on a finch's brain still inside its skull, the anatomic structure of the MRI atlas was not misshaped and thus could improve the geometrical accuracy of the brain matrix. However, the MRI information is optional in the protocol 
Microtoming and staining matrix-guided trimmed sections
We used the brain matrix to section a zebra finch's brain and then microtomed and stained the brain sections to show neuron regions that could be sampled via this approach. We trimmed a male zebra finch brain to obtain five sections based on brain matrix channels 2 -7. The brain sections were stored in 4% formaldehyde solution in PBS for 2 days for fixation. To cryoprotect the sections for freezing microtoming, we firstly immersed them in 20% sucrose and repeated the procedure in 30% sucrose before microtoming.
The sections were microtomed using a freezing microtome (Leica CM3050 S Cryostats) with the operating and chamber temperatures both set to -14°C. The sections were dried, embedded in optimal cutting temperature (OCT) compound (Tissue-Tek, Sakura Finetek, Torrance, CA) and frozen in dry ice. The embedded sections were sliced (thickness = 50 µm), then mounted on glass slides.
The slices were stained with Nissl (Cresyl violet) stain. We washed the OCT from the glass slides and then dried the slides in 40 °C for approximately 15 minutes.
The slices were stained in 0.5% Cresyl violet and dehydrated in the following solutions sequentially: deionized distilled water, 50% ethanol, 75% ethanol, 95% ethanol, and Xylene (twice). The neuroanatomical structures of the stained slices were annotated based on the brain atlas of zebra finches (ZEBrA website:
http://www.zebrafinchatlas.org/gene_display/histological-atlas) and published references (Stokes et al., 1974; Reiner et al., 2004; Jarvis et al., 2013; Karten et al., 2013; Montagnese et al., 2015) .
Results & Discussion
The avian brain matrix can be used to hold zebra finch brains in fixed positions and guide researchers to find neuroanatomical landmarks, and the matrix's channels near these landmarks can be used to section these regions steadily (Fig. 4) . For example, channel 2 provides a division to locate striatum (Jarvis et al., 2005) . Channel 4
indicates the optic chiasm, and channels 5 and 6 run through the medial tectum opticum together with the hypothalamus and oculomotor nerve regions, respectively ( Fig. 4 ; Comito et al., 2016) . These landmarks can guide sectioning and investigating the visual pathway ). Furthermore, channel 7, which alignes at the caudal tectum opticum, trimmed out the pons and medulla oblongata of hindbrain (Fig. 4) . Thus, Channel 7 can help locate the trigeminal system, which is related to somatosensory function (Wild, 1997; Gutiérrez-Ibáñez et al., 2009 ).
Brain sections generated by the matrix-based trimming approach allow researchers to find and sample neuron regions of interest (Fig. 6 ). For example, the section located between channels 2 and 3 contains Area X, which plays an important role in the avian vocal pathway (Horita et al. 2012 ; Fig. 6A ). The section extracted using channels 3 and 4 contained entopallium, which is a major part of the tectofugal visual pathway (Krützfeldt and Wild, 2004; Fig. 6B) . The section located between channels 5 and 6 has nucleus taenia of the amygdala and nucleus rotundus, which are important in social behaviour development and visual signal processing, respectively (Mayer et al., 2019; Becker and Redies, 2003 ; Fig. 6C ). The section located between channels 6 and 7 contains higher vocal center, robust nucleus of the arcopallium and dorsal part of the lateral mesencephalic nucleus, which also belong to the avian vocal pathway (Horita et al. 2012) , and central gray of the mesencephalon, which is in the dopaminergic reward/motivation circuit associated with male singing behaviour (Heimovics et al., 2009 ; Fig. 6D ).
The above examples illustrate how the brain matrix allows researchers to section zebra finches' brains in a more coordinated and steadier way than freehand trimming.
From our own experiences, it might take only three to six practice excisions before an inexperienced user can use the brain matrix to dissect zebra finch brains properly.
Of course, basic knowledge of the brain anatomy of study species is also required to conduct the section work.
Zebra finch brains vary somewhat in size. The above landmarks and neuron regions are identified in zebra finches, which weigh around 14.5 g (Figs. 4 & 6) , and are subject to change when applied to birds with highly variable sizes (adult zebra finches weigh 10 to 25 g in the captive population of our laboratory). We found that some of the landmarks' locations might be in different channels depending on the individual and thus users need to make adjustments when sectioning unusually large or small brains. It is also feasible to produce brain matrices of two or more different sizes to section zebra finch brains with variable sizes. The brain matrix approach can be applied to other species with variable sizes of brains. Theoretically, the range of applicable brain size should be unlimited, provided that brains can be embedded in agarose gel, scanned by a 3D scanner and then printed by a 3D printer. One possible technological bottleneck is that currently most 3D printing companies are not equipped with printers with an extra-large output; however, the shortage should soon not be a problem because such machines may become more popular as demand increases. Another concern is whether it is necessary to use the brain matrix to section brains for some species. For extremely large animals such as elephants or whales, we do not see the need to use the matrix because their brains should be easy to dissect with free hands. For extremely small vertebrates such as guppies, sectioning the brain using the matrix may not be productive because their entire brain can only be cut into a small number (e.g., 2 -3) of sections using the matrix-guided approach. Thus, we consider our matrix-guided method applicable to a brain size between those of shrews to dogs (or other middle-sized mammals).
Although the MRI images were used in this study to make the brain matrix chamber more accurate, the 3D scanned brain model from an agarose mould alone is enough to produce a brain matrix using the 3D printing technology (Fig. 1) . The details of brain structures are not always critical for modelling the chamber because the brain matrix is mainly made to fix brains in the same position and angle during dissection. Even if only the contours of major features (i.e., the left brain, right brain and cerebellum) are modelled in the matrix chamber, the modelled anatomic landscape is enough to hold brains in the brain matrix. Hence, it is not always necessary to model a brain with many details. This also means that this protocol can be easily used to generate brain matrices for other species as long as one of their brains is available to make the agarose mould.
We used SLA resin to print brain matrices because of its low cost, which makes it affordable to most research teams even if they need to generate a large number of matrices. In contrast, the disadvantages are that it cannot be sterilized at high temperatures, the storage temperature requirement needs to be under 25 °C and the humidity should be under 38 RH%. However, customised materials such as stainless steel powders can also be used to print brain matrices using 3D metal printers.
Alternatively, CNC (computer numerical control) lathe machines can be used to generate stainless steel matrices based on the resin models printed out here.
Stainless steel matrices can be easily stored in most conditions and sterilized using autoclaves.
In summary, this protocol provides a simple and inexpensive preparation guideline to make brain matrices for most vertebrates, especially those with small to medium-sized brains. Matrix-guided trimming can be faster than machine-based trimming, and thus is particularly useful when collecting fresh tissue samples for RNA extraction. The matrix-guided trimming approach also requires a relatively short training time for researchers to become skilful; this lower training boundary will encourage people in different biological fields to incorporate neuroscience into their research. More importantly, the designed matrices may increase efficiency to locate target brain regions for both lab and field experiments. Further preparations, such as microtome, and downstream techniques-such as immunohistochemical staining (IHC) for neurotransmitters or hormones (Coons et al., 1941; Elmlinger, 2011) , in situ hybridisation (ISH) for RNA transcripts (Pardue and Gall, 1969) or even protein or RNA extraction (Wink, 2013) -can be conducted after locating and trimming these brain regions. Thus, we believe that the matrix-guided approach makes brain sampling accessible for researchers with different focuses and facilitates neuroscience-based interdisciplinary research. Advances in such interdisciplinary research will improve our understanding of broad biological questions, such as how animals evolve new behaviours when facing ecological challenges from a neuroscience perspective, and the genomic basis of neuronal pathways construction.
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